A small number of animal studies have sug gested that during the delayed postischemic hypoperfu sion state, CO2 reactivity of the cerebral vasculature is lost whereas autoregulation is retained. These findings, however, are inconsistent with the bulk of experimental evidence which demonstrates that CO2 reactivity is more robust and may be retained in pathologic circumstances which abolish autoregulation. These opposing viewpoints were therefore further evaluated in 18 dogs in which com plete global ischemia was induced by cerebrospinal fluid (CSF) compression for periods of 12 (n = 12) and 18 (n = 6) min. Following 45 min of reperfusion and with onset of the delayed postischemic hypoperfusion state, autoregu lation and CO2 reactivity were evaluated using a con tin-
Our knowledge of the postischemic cerebral vas cular response to changes in arterial blood pressure and carbon dioxide tension remains fragmentary and controversial. Both animal (Reivich et aI., 1969; Paulson, 1970) and human (Reulen et aI., 1972) studies have demonstrated that autoregulation is very sensitive to ischemia, whereas the CO2 re sponse is more robust (Gordon and Bergvall, 1973; Fitch et aI., 1975) . However, in two animal studies (Nemoto et aI., 1975; Hossmann et al. , 1973) it has been reported that following complete global isch emia, autoregulation is better preserved than CO2 reactivity. These latter investigators noted that CO2 responsiveness was abolished after 15 min and 30 uous measurement of CBF (by sagittal sinus outflow). CO2 reactivity was tested over a P ac02 range of 20 to 60 mm Hg; autoregulation was tested over a blood pres sure range of 60 to 140 mm Hg. Results demonstrated that after both 12 and 18 min of complete global isch emia, autoregulation and CO2 reactivity of the cerebral vasculature were both present, but attenuated. In the case of CO2 reactivity, the slope of the CBF response was decreased approximately 75%. In the case of auto regulation, the response in some dogs was incomplete as compared with their preischemic response. Key Words: Cerebral blood flow-Autoregulation-"False" autoreg ulation-Carbon dioxide reactivity-Postischemic hy poperfusion-Cerebral metabolism. min of complete ischemia, respectively, whereas autoregulation-although impaired-remained in tact.
The primary objective of our investigation was to determine in an established canine model of isch emia induced by cerebral spinal fluid (CSF) com pression (Lanier et aI., 1988) whether autoregula tion and/or CO2 reactivity were present after 12 min of complete global ischemia. We also determined whether these physiologic responses were present after 18 min of global ischemia, a time duration known to be inconsistent with functional neurologic recovery in this animal model (Lanier et al., unpub lished data) .
METHODS
The protocol was reviewed and approved by the Insti tutional Animal Care and Use Committee. Eighteen un medicated mongrel dogs of either sex weighing 16.4 ± 2.3 kg (mean ± SD) were anesthetized in an induction box with 2-3% halothane, followed by maintenance with 1% halothane in 60-70% nitrogen and oxygen. An 18 gauge administration consisted of normal saline at a rate of 5 ml kg -1 h -1. Fifteen percent dextrose in normal saline was given as intravenous boluses of 3-5 ml to provide a con trol blood glucose concentration of 100-120 mg/dl. The sagittal sinus was exposed, isolated and, after hepariniza tion (300-400 units/kg, i. v.), cannulated as previously de scribed (Michenfelder et aI., 1968 Upon completing the surgical preparation of the head, the dogs' ears were packed with cotton and the eyes closed and covered with tape. A 16 gauge Touhy needle was inserted into the cisterna magna for subsequent infu sion of 37°C saline solution and measurement of CSF pressure with a strain gauge. A 1.52-mm i.d. polyethylene catheter was also inserted approximately 3-5 cm into the lumbar subarachnoid space, and 2-3 ml of normal saline were injected as a "test dose," while monitoring the ICP, to confirm proper subarachnoid catheter placement. The halothane was discontinued, and the nitrogen was re-2 3
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FIG. 1. Representative figure demonstrating intact preischemic autoregulation of the cerebral vasculature. Autoregulation was usually complete within 2 min following cerebral perfusion pressure manipulation. (Note: CBF is measured directly in ml min -1, uncorrected for brain weight.) placed with nitrous oxide. Morphine sulfate (4 mg/kg) was administered intravenously, and was supplemented as needed (total dose: 5.9 ± 2.6 mg/kg) (mean ± SD) to maintain diffuse, synchronized activity on the electroen cephalogram.
When end-expired halothane was <0.1 %, P a02 near 150 mm Hg, and P aco2 near 40 mm Hg, two sets of control measurements were taken at 5-min intervals. Dogs were then randomly divided into four groups as determined by the duration of cerebral ischemia (12 vs. 18 min) and the physiologic response of the cerebral vasculature to be evaluated (autoregulation vs. CO2 reactivity). Ischemia was maintained for 12 min in twelve dogs, and 18 min in six dogs. Dogs were equally divided within each ischemia group to test for either autoregulation or CO2 reactivity.
After completion of control measurements at a cerebral perfusion pressure (CPP) of near 110 mm Hg, autoregu lation of CBF was evaluated by randomly titrating the CPP to either near 60 mm Hg, or to near 140 mm Hg. Hemorrhagic hypotension to a CPP of 60 mm Hg was performed by opening the femoral artery cannula to a reservoir bottle that was maintained at a pressure near 60 mm Hg. After 5 min, duplicate measurements were ob tained and CPP was increased to 140 mm Hg. This was accomplished by reinfusing the blood from the reservoir bottle, along with inflating the aortic catheter balloon as needed. After 5 min, duplicate measurements were ob tained and the balloon was deflated and blood withdrawn via the blood reservoir to again return to a CPP of near 110 mm Hg. Again, after 5 min, a final set of duplicate control measurements were taken. CBF autoregulated within 5 min at each of these CPP readings, which al lowed for a "steady state" CBF recording to be obtained. CBF, CMR02, ICP, arterial and venous (sagittal) blood gases, and dural and esophogeal temperatures were re corded for each change in CPP. (CMR02 was calculated as the product of CBF and the arterial-sagittal sinus blood oxygen content difference.) Blood glucose concen trations were also recorded for each change in CPP.
In order to induce complete cerebral ischemia, hemor rhagic hypotension to a systolic blood pressure (SBP) of 60 mm Hg was initiated. When SBP reached 60 mm Hg, the CSF pressure was rapidly (within 3-5 s) increased using simultaneous infusions of 37°C saline solution into the lumbar subarachnoid space and the cisterna magna. Cisternal CSF pressure was then maintained at a level more than 20 mm Hg greater than SBP for the selected duration of ischemia (12 vs. 18 min). MABP was main tained during the ischemic interval by periodically rein- 1993 fusing the withdrawn blood. After achieving the selected time interval, the subarachnoid infusion conduits were opened to air and MABP was increased to >60 mm Hg in less than 30 s by reinfusing the arterial shed blood and by inflation of the aortic catheter balloon as needed. Follow ing this period of complete ischemia and reperfusion, the expected low flow CBF state (i.e., the delayed postisch emic hypoperfusion state) was allowed to reach its nadir over a 45-min period. CPP was maintained near 110 mm Hg. Postischemic CBF and other physiologic variables were then measured at 110 mm Hg (first postischemic control), 60 mm Hg, 140 mm Hg, and again at 110 mm Hg (second postischemic control). The two sets of preisch emic, as well as the postischemic, control values were averaged to compensate for any effect of time on the sequential measurements. The same sequence of blood pressure manipulation that had been used during the preischemic period was also used for the postischemic period.
After the aforementioned postischemic values had been obtained for the 12-min ischemic dogs, the CPP was max imally increased in four of the six dogs by reinfusing all withdrawn blood and by fully inflating the intra-aortic balloon catheter. After 5 min, peak CBF values were measured and recorded.
CO2 reactivity of the CBF was evaluated in the other 
By the criteria established in the pre ischemic period, complete autoregulation for individual dogs (i.e., a <20% change in CBF within 5 min of CPP manipulation) was present during hypertension in a" animals undergoing 12 min of ischemia, but autoregulation was in complete in two of the six hypotensive dogs. In the dogs which underwent 18 min of ischemia, autoregulation was incomplete in one hyperten sive dog.
nine dogs using a design similar to that used for evaluating autoregulation. Once two sets of control measurements at a P aco2 of near 40 mm Hg had been obtained, inspired CO2 was randomly either increased or discontinued in order to maintain a P aco2 near 60 mm Hg or 20 mm Hg, respectively. Tidal volume and respiratory rate remained unchanged. CPP was maintained at near 110 mm Hg throughout the entire preis chemic and postischemic peri ods. Again after 5 min, duplicate CBF measurements, along with values for the aforementioned physiologic variables, were obtained for each change in Paco2. Com pression CSF ischemia was then performed for the de sired duration (12 vs. 18 min), and postischemic parame ters were recorded for each change in Paco2. The same sequence of increasing or decreasing P aco2 that had been used during the preischemic period was again used for the postischemic period. Before killing four of the twelve animals which under went 12 min of ischemia, the inhalational gas mixture of nitrous oxide and oxygen was discontinued and 100% N2 was administered. A CPP of 110 mm Hg was maintained.
Peak CBF measurements were recorded in response to this hypoxic gas mixture. All of the animals were then killed with intravenous KCl, and the brains were removed and weighed. The data are presented as mean values ± SD. Statisti cal comparisons between preischemic and postischemic 
RESULTS
In the autoregulation group the expected signifi cant changes in control values for blood glucose, CMR0 2 and CBF between preischemia and post- ischemia were observed (Table 1 ). In addition a mild metabolic acidosis was present in the post ischemia period. Preischemic autoregulation was usually complete within 2 min following CPP ma nipulation (Fig. 1) . CBF was maintained at near 60 ml 100 g-I min -I during both hypotension and hy pertension with no significant difference between them (Table 2) . Based on these preischemic CBF values, we defined complete autoregulation for in dividual dogs as a <20% change in CBF within 5 min of CPP manipulation (Fig. 2) . Postischemic CBF changes were qualitatively similar in all dogs. An immediate postischemic hy peremic phase was characterized by a two-to four fold increase in CBF as compared with preischemic values. Thereafter, CBF decreased to below pre ischemic control levels by 20-30 min. By 45 min, CBF was �50% of these control values. Postisch emic autoregulation remained present within 5 min but was attenuated. By the criteria established in the preischemia period, autoregulation was incom plete in two of the six hypotensive dogs (Fig. 3 ) and the CBF values during hypotension were signifi cantly decreased (p < 0.008) when compared with control values (Table 3) . Likewise, the percent de crease in CBF postischemia was significantly greater than that preischemia (p < 0.03). All dogs undergoing 12 min of ischemia autoregulated during hypertension. "Breakthrough" hyperemia was noted in all four of the 12-min ischemic animals which had their CPP increased above 150 mm Hg (Fig. 4) .
In the COz reactivity group, the expected signif icant changes in control values for blood glucose, CMROz and CBF between preischemia and post ischemia were again observed (Table 4 ). Addition ally, a significant increase in heart rate was ob served in the postischemia period. COz reactivity of the cerebral vasculature was readily demonstrated during the preischemic period (Fig. 5 ). CBF de creased � 35% during hypocapnia and more than doubled during hypercapnia (Table 5 ). CPP and ICP were not significantly different during control, hy pocapnia, or hypercapnia. Predictable changes in pH were noted with PaCOZ manipulation. Postisch emic COz reactivity was present in all dogs, but ? reatly . attenuated (Fig. 6) . The slope of the post IschemiC CBF response curve to changes in P co was greatly diminished in comparison to prei�ch: emic values ( Figs. 7 and 8) . However, CBF values were significantly different from postischemic con trols during both hypocapnia and hypercapnia (p < 0.005,0.00 1 respectively) ( Table 6 ).
The peak CBF response immediately postisch emia in the 12-min ischemia dogs was significantly greater than the peak response to hypoxia (p < 0.0002). Mean peak values were 230 versus 107 ml 100 g -1 min -I, respectively. Although the ICP was sig � ificantly greater for the postischemic hyper emic group (p < 0.003), the CPP remained essen tially the same for both groups (p < 0.300).
In the group of dogs which underwent 18 min of ischemia (n = 6), the degree of autoregulation and COz reactivity of the cerebral vasculature was es sentially unchanged from the 12-min group (Figs. 3  and 8 ). Postischemic control CBF values were not significantly different between the 12-min and 18min ischemic dogs (p < 0. 19).
DISCUSSION
These results suggest the following conclusions regarding postischemic autoregulation and CO re activity of the cerebral vasculature: (a) Autore;ula �ion is present but incomplete in some dogs follow mg 12 and 18 min of complete global ischemia as defined in the preischemic period (i.e., a <20% change in CBF with CPP manipulation); (b) break through hyperemia does occur with injured post ischemic cerebral vasculature; (c) CO2 reactivity of the cerebral vasculature is consistently present, but markedly attenuated, after both 12 and 18 min of complete ischemia; and (d) peak CBF response im mediately postischemia is significantly greater than the peak response to hypoxia. That CO2 reactivity was not lost in the postisch emic period is consistent with the bulk of experi mental evidence demonstrating that if autoregula tion is present in a given pathologic circumstance, so too will be CO2 reactivity. The only documented exception to this observation may occur in severe brain injury, where apparent autoregulation is re tained in the absence of CO2 reactivity (Miller et aI., 1973; Enevoldsen and Jensen, 1978) . This has been correctly labeled "false autoregulation" since it is believed that brain tissue pressure in this circum stance increases in tandem with blood pressure in-creases, thus preventing any increase in CBF. The only other apparent exception in the literature has been following complete global ischemia with onset of the delayed postischemic hypoperfusion state. Among seven studies in different species and with differing time intervals for ischemia there appears to be the consistent finding of loss of CO2 reactivity, while autoregulation was retained in those studies which tested for it (Table 7) . This can not be ex plained by false autoregulation, as described above, since no meaningful increases in ICP occur with postischemic increases in blood pressure (Table 3) . Among these seven studies, the one most compara ble to ours was that by Nemoto et al. (1975) . Since they used a IS-min period of ischemia we wondered whether the differences in results were accounted for by the different time intervals (12 min vs. 15 min of ischemia). Accordingly, we deliberately ex tended the ischemic time interval to 18 min in six dogs and found no meaningful differences in results compared with our dogs exposed to 12 min of isch emia. We suspect that because CO2 reactivity is so severely attenuated in the postischemic period, it may be detectable only by a method which permits continuous recording of CBP. Isolated intermittent CBP measurements, as used by Nemoto et al. (1975) , might easily miss the subtle changes in CBP which occur with CO2 manipulation. Nemoto et al. (1975) also noted that breakthrough hyperemia did not occur in their dog model after 15 min of complete ischemia, even when the CPP was increased to 200 mm Hg. Reasons suggested for this inability included vessel vasoparalysis, blood hy perviscosity, and capillary obstruction. Nemoto et al. (1975) hemodilution plus increased CPP may be effective therapy for amelioration of "postischemic-anoxic encephalopathy. " In our 12-min ischemic dogs, breakthrough hy peremia was noted in all four animals which had their CPP increased above 150 mm Hg (Fig. 5 ). Al though it has been questioned whether the postisch emic hypoperfusion state actually contributes to neuronal injury, it is commonly assumed that it may do so and that interventions which improve post ischemic CBF may also improve neurologic out come. Our recent canine studies (Michenfelder and Milde, 1990; Michenfelder et aI., 199 1) have dem onstrated, however, that the magnitude of the de layed hypoperfusion state appears to be determined primarily by the metabolic needs of the brain, and the ratio of CBF to CMR0 2 , although decreased, remains constant at a value of 8 to 10, demonstrat ing maintained coupling. Assuming CBF is modu lated by the brain's metabolic needs, any efforts to increase CPP beyond the cerebrovasculature's au toregulatory abilities would only increase the risk of cerebral edema, cerebral hemorrhage, and in-creased intracranial pressure (Lassen, 1966; Mar shall et aI., 1969) .
Our present findings also suggest that changes in carbon dioxide tension should be closely monitored in the postischemic patient to help attain desired CBF levels. Hypocapnia, in the presence of a par tially intact cerebrovasculature, could result in a decreased CBF. Hypocapnia could also result in a leftward shift (Le., severe alkalosis) of the oxyhe moglobin dissociation curve. This leftward shift limits the off-loading of oxygen from hemoglobin at the capillary level and, combined with a decreased CBF, could result in further cerebral ischemia. Fur thermore, hypercapnia could result in undesirable increases in CBF with potential increases in cere bral blood volume and possibly intracranial pres sure, thus also leading to a potentially worse neu rologic outcome.
Finally, the peak CBF response immediately postischemia which we observed in the 12-min isch emic dogs was significantly greater than the peak response to hypoxia (p < 0.0002). Mean peak val ues were 230 versus 107 ml 100 g-I min -I , respec-TABLE 7. Effects of complete global ischemia on autoregulation and CO2 reactivity tively. Some have suggested that postischemic re active hyperemia results from a perturbed metabo lism of brain tissue (i.e., increases in extracellular activities of H + , K + , and adenosine, and decrease in Ca 2+ activity), and the subsequent postischemic reduction in CBF is a delayed reaction to events occurring during ischemia or in the immediate re circulation period (Kagstrom et aI., 1983) . How ever, no matter what the etiology of the delayed postischemic hypoperfusion state may be, it is still interesting to note that the postischemic cere brovasculature can be injured to the point where hypoxia-probably the most potent cerebrovascu lar vasodilator-is only able to increase CBF to ap proximately one half the level produced during postischemic hyperemia (at the same CPP). This phenomenon may be related in part to the decrease in CMR0 2 demonstrated during the postischemic period. Namely, the percent increase in postisch emic CBF during hypoxia is perhaps appropriate for the reduced CMR0 2 , which may be analogous to the proportionate reduction in hypoxic responsivity seen during pentobarbital coma (Donegan et aI., 1985) .
In summary, the results of this study suggest that following both 12 and 18 min of complete global ischemia, autoregulation and CO 2 reactivity of the cerebral vasculature are both present, but attenu ated. In the case of CO 2 reactivity, the slope of the CBF response was decreased approximately 75%. In the case of autoregulation, the response was in complete in some dogs as compared with their preischemic response. Whether this attenuation of autoregulation and CO 2 reactivity is a transient or prolonged phenomenon remains unclear. It there fore seems prudent to closely control postischemic blood pressure and carbon dioxide tension in order to avoid undesirable variations in CBF.
